With the fast development of in situ experimental methodologies, dramatic structure reconstructions of nanomaterials that only occur under reaction conditions have been discovered in recent years, which are critical for their application in catalysis, biomedicine, and biosensors. A big challenge for theoreticians is thus to establish reliable models to reproduce the experimental observations quantitatively, and further to make predictions beyond experimental conditions. Herein, we briefly summarize the recent theoretical advances involving the quantitative predictions of equilibrium shapes of metal nanoparticles under reaction conditions and the real-time simulations of nanocrystal transformations. The comparisons between the theoretical and experimental results are presented. This minireview not only helps researchers understand the in situ observations at the atomic level, but also is beneficial for prescreening and optimizing the NPs for practical use.
Introduction
Metal nanoparticles (NPs) play crucial roles in heterogeneous catalysis due to their unique physical and chemical properties. [1] [2] [3] The structure of a NP is one of the major factors determining its functionality. NPs may undergo structural evolution when exposed to reactive environments. [4] [5] [6] In the past decade, a number of in situ experiments have shown that the structures of NPs under reaction conditions could be completely different from those under vacuum, which leads to different catalytic properties. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] On the other hand, many NPs with unique nanostructures, such as hollow nanocages, nanodendrites, nanorods, nanowires, etc., [18] [19] [20] [21] [22] have been synthesized to facilitate catalytic reactions. However, these novel synthesized nanostructures are metastable and tend to lose their unique structures aer long-time operation under real working conditions. Therefore, investigation of whether metastable nanostructures can last long enough and retain their pre-dened structures and functionality under working conditions is urgently needed. However, it is still challenging to perform in situ studies on catalytic systems in all aspects due to the highcost instrumental setup, limited time-resolution and time scale, and complex reaction conditions. [23] [24] [25] [26] To understand and even to predict how heterogeneous catalysts change their sizes and shapes with time during chemical reactions becomes an urgent task for theoreticians.
In recent years, with the promotion of computational capacity, signicant progress has been achieved in simulating large and complex catalytic systems at the atomic level. [27] [28] [29] However, these theoretical studies are mostly focused on model systems with ideal structures 30, 31 and within very-limited size/ time scales. 32, 33 To quantitatively simulate the equilibrium shape of NPs under reaction conditions and the nonequilibrium nanocrystal transformation, new theoretical methods are highly demanded.
In this review, we briey summarize the recent theoretical developments in simulating equilibrium structures and the structural evolution of metal NPs under working conditions up to the long-time scale ($hours) and on the nanosize scale (10 nm and above). [34] [35] [36] [37] [38] [39] In addition, their applications and the comparison to the state-of-the-art in situ environmental transmission electron microscope (ETEM) observations are also reviewed. The theoretical progress will be benecial for understanding and predicting experimental observations of nanomaterials under real environments in the future.
Theoretical models

Equilibrium shapes of metal NPs under reaction conditions
According to the Wulff theory, the equilibrium shape of a NP is determined by the surface tension of each facet. When gas adsorption is involved, the surface tension g hkl should be revised.
Barmparis et al. dened the interfacial tension g int hkl as below (eqn (1)) to study the shape of Au NPs with the adsorption of CO molecules 40 and thiolate groups, 41 respectively.
where A at is the area per surface atom, E ads is the adsorption energy, and q is the gas adsorption coverage on the surface. However, in their modelling, q was facet independent and invariable for different facets, which was too articial to truly represent the changes of NPs' shapes in real catalysis. In 2016, Zhu et al. proposed a Multiscale Structure Reconstruction (MSR) model based on the DFT, the Langmuir adsorption isotherm, and the Wulff construction. 34 In this model, q at a given temperature (T) and water vapour pressure (P) was quantitatively described by the Langmuir adsorption isotherm, which led to the precise prediction of shape evolution of metal NPs in water vapour environments.
Aer that, a more generalized approach was established by replacing the Langmuir adsorption isotherm with the Fowler-Guggenheim (F-G) adsorption isotherm, which included the lateral interaction between adsorbates. 35, 42 This developed model gave successful predictions in the following cooperative studies with experimental observations (more details will be discussed in the next section).
With further extension, the MSR model was also applied to predict the equilibrium shape of metal NPs in mixed gas environments. It showed that the partial pressure was also an important factor to determine the metal NPs' structures besides T and the total pressure of the mixed gas. 36 The reactive environment not only affects the NPs but also interacts with the support surface. For supported NPs, the environmental effect can change the interface between the metal and the support, which is crucial in many reactions. To include the support effect, the Wulff-Kaischew theorem was adopted in the MSR model, 37 and the contact-surface tension in environments (g E c-s ) was calculated as follows:
where E adh is the adhesion energy between the metal surface A and the support surface B, g A is the surface tension of surface A, q B is gas coverage on B, E B ads is the adsorption energy on B, and A B at is the unit surface area of B.
Real-time simulation of nanocrystal transformation
Kinetic Monte Carlo is a popular and powerful tool to describe a variety of dynamic phenomena involved in surface science. For instance, Barcaro et al. performed a KMC simulation of island nucleation to study the diffusion of Pd clusters on the MgO surface. 43 The growth of Au NPs in solution and also the etching process of Au nanostructures could be well simulated by KMC. 44, 45 Besides, chemical reaction kinetics has been a good subject for KMC simulation. 46 In recent years, a series of studies by Gao's group showed that KMC with a well-tted nearest-bond model could describe the nonequilibrium structural transformation of both metals and alloys very well.
In the "rejection-free" KMC simulation, for simulating the real-time evolution of a nanocrystal, the algorithm is written as follows:
1. Make a box containing N tot lattice sites. 2. Choose the initial state S 0 and set the time t ¼ 0.
3. Sum over the rates (r tot ) of all possible moves through which a selected atom diffuses to its empty nearest-neighbour (NN) lattice site using eqn (3).
4. Calculate the time of occurrence of transition from S 0 to the new state (S 1 ), Dt S 0 /S 1, based on r tot (eqn (4)).
5. Choose the atom i to move according to the proportion of r site to r tot .
6. Choose the empty site j for the selected atom i to occupy according to the proportion of r ij to r site . 7. Calculate time t by the accumulation of Dt S 0 /S 1 . 8. Update the initial state S 0 with S 1 and return to step 3. The equations used in the KMC algorithm are listed below:
where r ij is the possibility of moving the ith atom to its jth empty NN site as described below in eqn (5), r site is the sum of r ij for j ranging from 1 to NN i , N a is the number of atoms in the system, and NN i is the number of empty NN sites of atom i.
where R is a random number between (0, 1). The calculation of r ij at temperature T is carried out by using the following equation:
where k b is the Boltzmann constant, h is the Planck constant, k b T/h describes the attempt frequency, and E a is the activation energy of the move. To explicitly calculate all the E a in the nanostructure transformation is beyond the computational capability at present. Here, the following formula is adopted to estimate E a :
This equation satises the principle of microscopic reversibility by tting with the Brönsted-Evans-Polanyi relationships and had achieved success in studying the atomic diffusion of Au. 47 The E f and E b are the formation and bonding energies of the move. To evaluate E b and E f precisely and efficiently for KMC simulation, we consider moving a metal atom from site i to site j, and they are calculated as follows:
and
3 ij is tted to the metal surface energies using the equation below:
E surf hkl is the surface energy of a unit-cell [hkl] surface and N hkl is dened as the number of missing NN bonds when cutting it from the bulk. N hkl accounts not only for the surface atoms but also for the subsurface atoms. Eqn (9) has been justied in the DFT calculations of surface energies of 13 Pt/Pd/Au surfaces 38 and all the transitional metals. 39 In the following sections, the application of the KMC model for in situ experiments will be introduced.
Quantitative comparison with experiments
Structural evolution of metal NPs in reactive environments
To prove the reliability of the MSR model, it has been compared with in situ experiments quantitatively under different conditions. Cu/ZnO/Al 2 O 3 catalysts are widely applied in the industrial production of methanol from synthesis gas mixtures (H 2 /CO 2 / CO). As early as in 2002, Hansen et al. applied ETEM to report the rst experimental observation of reversible reshaping of Cu NPs on a ZnO substrate under water vapour. 10 To reproduce this result, Zhu et al. employed the MSR model to simulate the equilibrium shapes of metal NPs in a water vapor environment. 34 The calculated equilibrium shapes of Cu NPs under vacuum and in water vapour ($425 K, 125 Pa) agreed with the experimental observations quantitatively, as shown in Fig. 1a . 10, 34 The simulations indicated that the stronger adsorption and higher coverage of water molecules on the Cu(110) surface reduced the surface energy of this surface more than that in Cu(100) and Cu(111) surfaces, which eventually induced the reshaping of Cu NPs with increased Cu(110) facet fraction under water vapor.
To explain the oscillation of Pt NPs under CO reported by Vendelbo et al., 17 Zhu et al. 35 applied the Fowler-Guggenheim (F-G) adsorption isotherm to replace the Langmuir adsorption isotherm to take into account the strong interaction between CO molecules. When CO adsorbs on the (110) facet, the repulsion is weaker which allows more CO to adsorb. As a result, the higher CO coverage stabilizes the (110) facets. Thus, the simulated results clearly showed that the Pt NPs' shape was faceted under lower CO pressure (<100 Pa) and was round under higher CO pressure (>100 Pa) with more open facets ((110) facet) (as shown in Fig. 1b) , which was well consistent with the experiments. 17 Recently, the reshaping of Pt NPs under O 2 , H 2 , and N 2 up to ambient pressure was thoroughly investigated by the combination of ETEM experiments and the MSR model. The shape changes of Pd NPs from spherical to truncated cubes under 1 bar O 2 and H 2 were both observed experimentally and predicted theoretically ( Fig. 1c and d) . 48 Later on, the unexpected refacetting process of Pd NPs under 1 bar N 2 at elevated temperatures was predicted by the theoretical model and conrmed in experiments (Fig. 1e ). 49 In a very recent study, the in situ HAADF-STEM observation of change of Au NPs from an octahedron to round morphology during cooling under 10 5 Pa O 2 was reported ( Fig. 2a ). 50 The observed reshaping gives rm evidence that the Au NPs offer direct adsorption sites for the molecular oxygen under the conditions of atmospheric pressure and at room temperatures, which is crucial for understanding the CO oxidation mechanism on supported Au NPs under real conditions. For supported metal NPs under reaction conditions, the simulation of the structure of Pt/SrTiO 3 (110) was successfully performed under similar conditions to those of the in situ ETEM experiments. Through theoretical modeling, the dynamic information of the changed perimeter interface in reactive environments was obtained quantitatively, which is currently difficult to obtain directly from experimental observations (Fig. 2b) . 37 3.2 Real-time simulations of nanocrystal transformations 3.2.1 Growth and etching of metal NPs. Compared to the classical molecular dynamics simulations, KMC allows the structural evolution of NPs to be tracked on the macroscopic time scale which agrees with actual experiments. A good example of studying the atomistic growth of Au NPs using the KMC approach was conducted by Turner et al. 44 In their work, they parameterized the KMC model by comparing the Au NP growth curves to the experimental observations. The rened model provided a detailed structural analysis of the growth process. The size, shape, and surface structure of Au NPs as functions of growth time were thus quantitatively analyzed.
As a reverse process of growth, the dissolution of Au NPs in a redox environment was monitored by Ye et al. using a liquidcell transmission electron microscope (TEM). 45 The observed short-lived nonequilibrium nanocrystals were then analyzed and rationalized in a KMC simulation. This work displayed the power of the combined approach of TEM and KMC in the studies of nonequilibrium nanocrystal transformations, as we can see from more examples below.
3.2.2 Alloy transformations. Atomic distribution is a key factor determining the physical and chemical properties of a nanoalloy. For example, the optical and catalytic properties of core-shell NPs can be very different from those of alloyed ones. Classical molecular dynamics simulations and grand canonical Monte Carlo (GCMC) approaches are popular tools to study the exact atomic distribution of bimetallic alloys. [51] [52] [53] [54] [55] [56] [57] Despite the great studies that have been done, here we would like to introduce two recent studies using KMC to study the dynamic redistribution of metal atoms when heating bimetallic NPs to elevated temperatures.
In the work of Tang et al., the transformation of a Pd@Pt alloy from a core-shell structure to a mixed alloy structure during a heating process was monitored by using in situ aberration-corrected scanning TEM. The initial core-shell NP had an ultrathin Pt shell with 4 atomic layers. The NP was heated with a sequence of annealing steps (300 C, 400 C, 500 C, and 600 C). It was observed that the transformation of the Pd@Pt NP went through two periods, as shown in Fig. 3a .
The rst one was a refacetting process in which it changed from a cubic structure to a truncated structure with diffusion of atoms from {110} facets to {100} facets, which exposed the Pd core in the {110} direction. There was no alloying during this process and the alloying only began at higher temperatures.
To interpret the experimental observations of Pd@Pt coreshell NPs, a KMC simulation at 400 C was performed for a 9 nm Pd@Pt NP with a shell thickness of 4 Pt atomic layers. 58 In this system, more than 45 000 atoms were considered, and the experimental results at macroscopic time scales were fully reproduced, as shown in Fig. 3b . It revealed that the step-wise transformation pathway was because the surface diffusion barriers are smaller than the bulk migration barriers. The refacetting of the nanocube and the exposure of Pd atoms at the edges were to reduce the surface energies.
Further combined theoretical and experimental studies showed that the directed exposure of the core atoms can be controlled by manipulating the shell thickness, which provides a way to synthesize unique partial-core-shell nanoalloys for special catalytic applications.
Apart from the Pd@Pt NPs, the KMC model also worked very well for an Au@Pd core-shell alloy. 59 In the experiments, a welldesigned Pd@Au core-shell NP was observed to transform into a uniform alloy particle in ETEM (Fig. 4a ). The initial structure is a round core-shell structure. Fast refacetting occurs below 200 C, changing the round shape to a facetted one. Further increasing heating temperature induced a similar alloying process to that observed in the case of Pd@Pt, i.e., an alloying process above 500 C aer rounding of the NPs at 400 C. The transformation pathway of a 7 nm Au@Pd NP, containing 11 993 atoms, from a core-shell structure to mixed alloys was simulated at 600 C for 20 million KMC steps (Fig. 4b) . The simulated transition pathway agreed with the in situ experimental observations very well. It helps to understand that the round-facetted-round shape change is caused by the same tendency to reduce the surface energy and due to the extremely low speed of metal atoms' inter-diffusion at low temperatures.
3.2.3 Hollow nanocrystal transformations. Aer applying the KMC method in bimetallic alloys, the structural transformation of metastable metallic hollow NPs at elevated temperatures was simulated systematically on macroscopic time scales (up to days). 38 In the work of Vara et al., the thermal stability of Pt-based nanocages was studied using high-resolution TEM with in situ heating. 60 They observed hole enlargement and the creation of nanoframes in all the nanocages at elevated temperatures ( Fig. 5a ) and rationalized the phenomena from the point of view of surface free energy.
The structural evolution of a hollow Pt NP with an initial cubic structure at temperatures of 100 C, 200 C, and 400 C was simulated in the time range of seconds, hours and years. The simulated results showed that the transformation goes through three stages, as can be seen in Fig. 5b . It changes from a cubic nanocage to a chamfer nanobox, a nanoframe, and eventually into two NPs. This transformation pathway agreed with the in situ experimental observations very well.
Through the extensive studies of hollow NPs with different sizes and shapes of different metal species, it was revealed that the instability of a hollow nanocage was attributed to the faster refacetting of the outer shell than the inner shell. Based on this understanding, a highly stable hollow nanocrystal at high temperatures was designed.
Conclusions and perspective
With the help of in situ techniques, the evolution of nanocatalysts can be precisely captured and even visualized directly under some reaction conditions, which can amplify (even overturn) our understanding of the atomic mechanism of catalytic reactions. However, limited by time/spatial resolution and complex reaction conditions of the experiments, more detailed information is still missing, which urgently requires the participation of theoretical modeling. In this mini-review, we briey summarized the recent progress of the multi-scale atomistic modeling of metal NPs under working conditions.
With the MSR and real-time KMC model, ETEM observations can be quantitatively reproduced and the physical insight behind the reshaping of metal NPs under reaction conditions has been revealed. More importantly, these models can ll the gap in the study of the reconstruction of any interesting catalytic NP at any given condition. The precise predictions of the equilibrium shapes of Au/Cu/Pt/Pd metal NPs in various environments such as H 2 O, CO, NO, CO/NO, O 2 , H 2 , N 2 , etc. have been reported in the literature along with a wide range of temperature and pressure. The studies of other catalytic systems, such as Ru, 61 Rh, and Co, are under way. It can be foreseen that the use of modeling could work as a guide for experimentalists to perform purposeful in situ studies.
To facilitate the in situ study of NPs under working environments, Gao's group developed the Multiscale Operando Simulation Package (MOSP), 62 a soware package to simulate structural evolution. It is designed with an interactive user interface in a simple style for the easy-use of both experimental and theoretical scientists on a desktop/laptop within an affordable time period (seconds for the equilibrium structures and hours for dynamic evolutions). With MOSP, the shape evolution of various metal NPs in different gas/liquid, single/ multi-component, temperature, pressure, and support systems can be quantitatively predicted. The real-time simulations of nanocrystal transformations at elevated temperatures are possible as well. MOSP is designed to be a useful tool for understanding and reproducing in situ experimental observations. It also provides critical information for designing highefficiency catalysts.
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